We suggest that generalized parton distributions can be probed in charged current meson production process, ep → νeπ − p. In contrast to pion photoproduction, this process is sensitive to the unpolarized GPDs H, E, and for this reason has a very small contamination by higher twist and Bethe-Heitler type contributions. Since all produced hadrons are charged, we expect that the kinematics of this process could be easily reconstructed. We estimated the cross-sections in the kinematics of upgraded 12 GeV Jefferson Laboratory experiments and found that thanks to large luminosity the process can be measured with reasonable statistics.
I. INTRODUCTION
Understanding the structure of the hadrons presents a challenging problem both from the theoretical and experimental viewpoints. This structure is parametrized nowadays in terms of the so-called generalized parton distributions (GPDs), which can be studied in a wide class of processes [1, 2] . The early analysis were mostly based on experimental data on deeply virtual Compton scattering (DVCS) [3] and deeply virtual meson production (DVMP) [1, 2, 4-17], although it was soon realized that in view of the rich structure of GPDs, as well as from certain complications with GPD extraction from pion electroproduction [17] [18] [19] [20] [21] , additional channels were needed. It was then suggested that GPDs might be accessed in ρ-meson photoproduction [22] [23] [24] [25] [26] , timelike Compton Scattering [27] [28] [29] , exclusive pionor photon-induced lepton pair production [30, 31] , and heavy charmonia photoproduction [32, 33] (gluon GPDs). The forthcoming results from the upgraded JLAB [17] , COMPASS [34] [35] [36] [37] [38] [39] as well as from J-PARC [31, 40] , hopefully will enrich and enhance the early data from HERA and 6 GeV JLab experiments, as well as improve our understanding of the proton GPDs.
Recently we suggested that GPDs could be studied in neutrino-induced deeply virtual meson production (νDVMP) [41] of the pseudoscalar mesons (π, K, η), using the high-intensity NuMI beam at Fermilab [42] . The main advantage of this process is that contamination by twist-3 effects [43] is small, which implies that GPDs could be accessed at moderate virtualities Q 2 , provided that the next-to-leading order (NLO) corrections are included [44] . In the Bjorken limit, neglecting the masses of pions and kaons, we may get information about a full flavor structure of GPDs. A suppression of Cabibbo forbidden, strangeness changing processes can be avoided if kaon production is accompanied by the conversion of a nucleon to strange baryons Λ and Σ ±,0 ; in such processes the transition GPDs are related by SU (3) relations [45] to linear combinations of different flavor components of the nucleon GPDs. Recently it was suggested in [46] [47] [48] [49] [50] that this approach could be extended to D-meson production, a challenge for future high-energy neutrino experiments.
In this paper we extend our previous studies to the case of charged current meson (pion) production in electroninduced processes, such as e.g. ep → ν e π − p. The feasibility to study charged currents in JLAB kinematics has been demonstrated earlier in [51] . It is expected that after upgrade even higher luminosities up to L = 10 38 cm −2 · s −1 will be achieved [52] , which implies that the DVMP cross-section could be measured with reasonable statistics. Since all produced hadrons are charged, the reconstruction of the kinematics of the process, despite of undetectability of neutrinos, should not present major difficulties. As will be shown below, the cross-section of this process on unpolarized targets is mostly sensitive to the GPDs H u , H d , providing important constraints on available parametrizations, as well as testing the GPD universality. Similar to the case of neutrino-production, this process has smaller contamination by higher twist effects compared to DVMP. For the sake of brevity and conciseness, in this paper we do not consider other processes, where flavor multiplet partners of pions and protons are produced and which could be used to test other flavor combinations of GPDs [41] .
The paper is organized as follows. In Section II we describe the framework used for the evaluation of pion production, taking into account NLO corrections. In Sections III and IV we review the contaminating corrections due to BetheHeitler mechanism and twist-three contributions, due to poorly known transversity GPDs. Finally, in Section V we present numerical results and make conclusions.
II. CROSS-SECTION OF THE νDVMP PROCESS
The cross-section of pion production in charged current DVMP has a form
where t = (p 2 − p 1 ) 2 is the momentum transfer to the proton, Q 2 = −q 2 is the virtuality of the charged boson,
is the Bjorken variable, the subscript indices ν and ν in the amplitude A refer to helicity states of the baryon before and after interaction, and the letter L reflects the fact that in the Bjorken limit the dominant contribution comes from the longitudinally polarized massive bosons W ± [1, 2]. The kinematic factor Γ included in equation (1) is given explicitly, for the charged current case, by
where θ W is the Weinberg angle, M W is the mass of the heavy bosons W ± , G F is the Fermi constant, f π is the pion decay constant, and we used the shorthand notations
where E e is the electron energy in the target rest frame. In Bjorken kinematics, the amplitude A ν ,νL factorizes into a convolution of hard and soft parts,
where x is the average light-cone fraction of the parton, the superscript q is its flavor, λ and λ are the helicities of the initial and final partons, and C q λ ν ,λν is the hard coefficient function, which will be specified later. The soft matrix element H q ν λ ,νλ in (6) is diagonal in quark helicities (λ, λ ), and for the twist-2 GPDs has the form,
where the constants g q V , g q A are the vector and axial current couplings to quarks, and the leading twist GPDs H q , E q ,H q andẼ q are functions of the variables x, ξ, t, µ 2 F , where the skewness ξ is related to the light-cone momenta of protons p 1,2 as ξ = p
, and µ F is the factorization scale (see e.g. [12, 15] for details of the kinematics). For the processes in which the baryonic state changes, e.g. ep → ν e π 0 n, the transition GPDs can be linearly related via SU (3) relations [45] to ordinary GPDs. For this reason, (4) may be effectively rewritten as
where C q λ is the diagonal term of the helicity matrix in the hard coefficient function. Its evaluation is quite straightforward, and in leading order over α s it gets contributions from the diagrams shown schematically in Figure 1 . In fact, it has been studied both for pion electroproduction [20, 21, 24, [53] [54] [55] [56] and neutrinoproduction [41] . For the processes in which the baryon does not change its internal state, there are additional contributions from gluon GPDs, as shown in the rightmost pane of Figure 1 . These corrections are small for JLAB kinematics, yet give a contributions at higher energies. In next-to-leading order, the coefficient function includes an additional gluon attached in all possible ways to all diagrams in Figure 1 , as well as additional contributions from sea quarks, as shown in Figure 2 . 
where the process-dependent flavor factors η q V ± , η q A± are given, for the case of pion production, in Table I 1 . In (7) we also introduced the shorthand notation
where φ 2 (z) is the twist-2 π−or K-meson distribution amplitude (DA) [57] . The function T (1) (v, z) in (8) encodes NLO corrections to the coefficient function. As was explained in [58] [59] [60] , it is related by analytical continuation to the loop correction toqq scattering, and was evaluated and analyzed in detail in the context of NLO studies of the Table I : The flavor coefficients η q ± , for several pion and kaon production processes discussed in this paper (q = u, d, s, ...). For the case of CC mediated processes, take η
pion form factor (see [61, 62] for details and historical discussion). Explicitly, it is given by
,
is the dilogarithm function, and µ R and µ F are the renormalization and factorization scales respectively. For processes when the internal state of the hadron is not changed, additional contributions come from the gluons and singlet (sea) quarks [58] [59] [60] 2 ,
Some coefficient functions have non-analytic behavior ∼ ln 2 v for small v ≈ 0 (x = ±ξ ∓ i0), which signals that a collinear approximation might be not valid near this point. This singularity in the collinear limit occurs due to the omission of the small transverse momentum l M,⊥ of the quark inside a meson [19] , and for this reason the contribution of the region |v| ∼ l 2 M,⊥ /Q 2 should be treated with due care for finite Q 2 (beyond the Bjorken limit). Moreover, a full evaluation of T
(1) (v, z) beyond the collinear approximation (taking into account all higher twist corrections) presents a challenging problem and has not been done so far. It was observed in [60] , that the singular terms might be eliminated by a redefinition of the renormalization scale µ R ; however, near the point v ≈ 0 the scale µ
, which is another manifestation that nonperturbative effects become relevant. For this reason, sufficiently large value of Q 2 should be used to mitigate contributions of higher twist effects. As we will see below, for Q 2 ≈ 4 GeV 2 the contribution of this soft region is small, so the collinear factorization is reliable.
III. BETHE-HEITLER TYPE CONTRIBUTION
As was found in Ref. [63] , in the asymptotic Bjorken limit (Q 2 → ∞) the DVMP contribution gets overwhelmed by subleading O (α em ) Bethe-Heitler type (BH) contributions, shown in Figure 3 . These diagrams have milder suppression at large Q 2 compared to DVMP and are additionally enhanced by the t-channel photon pole ∼ 1/t in the forward kinematics, and for this reason at sufficiently large ∼ Q 2 /t this mechanism becomes dominant 3 .
Bethe-Heitler contribution in the charged current DVMP. Formally it is suppressed as O (αem) compared to DVMP contribution; however, for the asymptotic Bjorken limit it becomes the dominant mechanism due to relative enhancement by a kinematical factor ∼ Q 2 /t αs(Q 2 ). The green blob stands for the pion wave function.
While for the DVMP amplitude evaluation presented in the previous section the dominant contribution comes from the longitudinally polarized mediator boson, for the BH this is no longer true and we have to consider all the W polarizations. The left diagram in Figure 3 contains the matrix element
where V a µ (x) and A a µ (x) are the vector and axial isovector currents. We evaluate the correlator (17) perturbatively in the collinear approximation, which is justified by the intermediate boson large Q 2 value, and therefore consider only the dominant contribution from the leading twist-2 pion DA. The evaluation details may be found in [63] , while here for the sake of brevity we will only provide the final result. The cross-section of the Bethe-Heitler mechanism is given by
where ϕ is the angle between the lepton scattering and the pion production planes, and in addition to the kinematic variables defined in the previous section II we introduced shorthand notations
In the expressions (19) (20) (21) we use the notation F 1,2 (t) for the Dirac and Pauli form factors. As we can see, the BH cross-section is symmetric under the ϕ → −ϕ transformation. For asymptotically large Q 2 , the C BH 1 harmonic is suppressed by ∆ ⊥ /Q, whereas C BH 0 ∼ C BH 2 , and therefore the distribution is also symmetric with respect to the ϕ → π − ϕ transformation.
The interference between the DVMP and BH amplitudes yields an additional contribution
where
(25)
The angular dependence of the interference term (24) has a ∼ sin ϕ term, which stems from the interference of the vector and axial vector currents in the lepton part of the diagram. This interference contribution depends only linearly on the target GPDs and for this reason presents interesting opportunities for studies at future colliders.
As we will see below, in JLAB kinematics the contribution of both BH and interference terms are small, and for this reason it is convenient to assess their size in terms of the angular harmonics c n , s n , normalizing the total cross-section to the cross-section of the dominant DVMP process as
c n cos(nϕ) + s 1 sin(ϕ) .
IV. TWIST-THREE CORRECTIONS
In the Bjorken limit, the dominant contribution comes from the twist-two GPDs H, E,H,Ẽ. However, in modern experiments a large part of the data comes from the region of Q only two or three times larger than the nucleon mass m N . For this reason it is important to assess how large are the omitted higher-twist contributions. Previously this analysis was done by us in the context of neutrino-production [43] , and here we repeat it for the case of charged current meson production.
The additional contribution to the amplitude (5) from transversity GPDs is given by
where the coefficients m q ±,± and n q ±,± are linear combinations of the transversity GPDs,
and we introduced a shorthand notation
is the transverse part of the momentum transfer. The coefficient function (7) gets an additional nondiagonal in parton helicity contribution,
where we introduced the shorthand notations
and the twist-three pion distributions are defined as
Thanks to symmetry of φ p and antisymmetry of φ σ with respect to charge conjugation, the dependence on the pion DAs factorizes in the collinear approximation and contributes only as the minus one first moment of the linear combination of the twist-3 DAs, φ p (z) + 2φ σ (z),
In the general case the coefficient function (41) leads to collinear divergencies near the points x = ±ξ, when substituted to (6) . As was noted in [19] , this singularity is naturally regularized by the the small transverse momentum of the quarks inside the meson. Such regularization modifies (41) to
where l ⊥ is the transverse momentum of the quark, and we tacitly assume absence of any other transverse momenta in the coefficient function. Due to interference of the leading twist and twist-there contributions, the total cross-section acquires dependence on the angle ϕ between lepton scattering and pion production planes,
and the subindices α, β in
refer to polarizations of intermediate heavy boson in the amplitude and its conjugate. As we will see below, in JLAB kinematics the contribution of higher twist corrections is small, and for this reason, similar to the Bethe-Heitler case, we will quantify their size in terms of the angular harmonics c n , s n , normalizing the total cross-section to the cross-section of the dominant DVMP process as defined in (28).
V. RESULTS AND DISCUSSION
In this section we would like to present the numerical results for the charged current pion production . For the sake of definiteness, for numerical estimates we use the Kroll-Goloskokov parametrization of GPDs [19, 20, [54] [55] [56] , and assume the asymptotic form of the pion wave function, φ 2 (z) = 6 z (1 − z). For estimates of the twist-3 contribution introduced in Section II, we use the parametrization suggested in [19, 20] , where the numerical constant a p is taken as a p ≈ 2 GeV −1 . We would like to start with a discussion of the dependence on the factorization scale µ F , which separates hard and soft physics. As we can see from Figure 4 , the dependence on the factorization scale µ F is mild and disappears for µ F 5 GeV. Though the choice of factorization scale µ F is arbitrary, taking its value significantly different from the virtuality Q would lead to large logarithms in higher order corrections. As was suggested in [58] [59] [60] , varying the scale in the range µ F ∈ (Q/2, 2Q), we can roughly estimate the error due to omitted higher order loop contributions.
In Figure 5 we show the predictions for the differential cross-section dσ/dx B dQ 2 for charged pion production for two virtualities Q 2 . At fixed electron energy E e and virtuality Q 2 , the cross-section as a function of x B has a a similar bump-like shape, which is explained by an interplay of two factors. For small x B ∼ Q 2 /2m N E e the elasticity y defined in (3) approaches one, which causes a suppression due to a prefactor in (1). In the opposite limit, the suppression
n is due to the implemented parametrization of GPDs. Since the contribution of NLO terms is sizable, for its evaluation we use coefficient functions which account for NLO corrections. To estimate the uncertainty due to higher order corrections (represented by the green band), we varied the factorization scale µ F in the range µ F ∈ (Q/2, 2Q). As was discussed in Section II, the coefficient functions (9, 11, 14) have nonanalytic behavior ∼ ln 2 v in the region of small-v,v = (ξ ± x)/2ξ, and therefore this region requires special attention. Physically, collinear factorization is not valid here and the transverse momenta of mesons become important. In order to assess the relative contribution of this region, we performed an evaluation with NLO corrections switched off in the range |v| l 2 π,⊥ /Q 2 , where the average transverse momentum of the pion l π,⊥ ≈ 0.3 − 0.4 GeV was estimated from the pion charge form factor [64] [65] [66] . As we can see from a comparison of solid and dashed lines, the contribution of the small-|v| region is quite small, and therefore we expect that collinear factorization should give a reliable estimate in the considered kinematics. In the rightmost pane of the Figure 5 , we have shown the relative (dominant) contribution of the GPDs H u , H d to the total result. Contributions of helicity flip and gluon GPDs constitute a minor (∼10%) correction to the full cross-section.
The contribution of the asymptotic Bethe-Heitler mechanism introduced in Section III is shown in the left pane of the Figure 6 . We can see that for 11 GeV electron beams, its contribution is small and does not exceed ∼ 1 per cent. The smallness of the harmonics c n , s n is explained by the fact that the kinematic prefactor ∼ Q 2 /t enhancement in JLAB kinematics is not sufficient to compensate the suppression ∼ O (α em ). Though formally both the BH term (18) and interference term (24) lead to appearance of the harmonics c 0 , ..., c 2 , the contribution from the former is suppressed by an additional power of α em and thus in JLAB kinematics the harmonics get a major Figure 6 : (color online) Left: Harmonics cn, sn in charged current pion production on a proton target, due to the interference with the Bethe-Heitler contribution. Right: Harmonics cn, sn generated due to twist-2 and twist-3 GPDs interference. In both plots the evaluations are performed using NLO coefficient functions, as discussed in Section II. The width of the band represents the uncertainty due to the factorization scale choice µF ∈ (Q/2, 2Q), as explained in the text.
contribution from the interference term. For the same reason, the harmonics c 2 (not shown in the plot) is extremely small: it gets contribution only from BH. In the right pane of the plot we have shown similar harmonics generated due to twist-three interference. The largest harmonics c 1 does not exceed 20 per cent and after averaging over the angle ϕ does not contribute to the total cross-section dσ/dx B dQ 2 . The harmonics c 0 , which contributes to the integrated cross-section dσ/dx B dQ 2 as a multiplicative factor 1 + c 0 , in the region of interest (x B ≈ 0.4 ± 0.2) is small and constitutes a few percent correction.
For deeply virtual meson production in other channels the cross-section gets comparable contributions from GPDs of different partons. For this reason restrictions imposed by experimental data on GPDs of individual partons are less binding. Additionally, these channels present more challenges for experimental study. For example, for charged en → ν e π − n Total Gluons only E e =11 GeV Q 2 =2.5 GeV 2 Figure 7 : (color online) Left: Charged current kaon production cross-sections for fixed energy electron beam (Ee ≈ 11 GeV). Central: relative fractions of different GPD components to the kaon production cross-section. We can see that the interference between quark and gluons is large and contributes with a negative sign. Right: Charged current pion production on a neutron target. In all plots the evaluations are performed using NLO coefficient functions, as discussed in Section II. The width of the band represents the uncertainty due to the factorization scale choice µF ∈ (Q/2, 2Q), as explained in the text.
current kaon production (see left pane in the Figure 7 ), we observe that the cross-section is small due to Cabibbo suppression (∆S = 1), so the statistical error will be larger. From the central pane in the Figure 7 we can see that the total cross-section of this process gets a sizable contribution from quark-gluon interference. Similarly, for charged current pion production on a neutron (right pane in the Figure 7) , the cross-section gets significant contributions from gluon GPDs and its interference with quarks, and experimentally the precision will be affected by uncertainty in the reconstruction of scattered neutron kinematics. For this reason we believe that the study of the GPDs with charged currents should be focused on the ep → ν e π − p channel.
VI. CONCLUSIONS
In this paper we have shown that generalized parton distributions can be probed in charged current meson production processes, ep → ν e π − p. In contrast to pion photoproduction, these processes get a major contribution from the unpolarized GPDs H u , H d , and thus could be used to supplement studies of these GPDs in DVCS. The undetectability of the produced neutrino will not present major challenges for the kinematics reconstruction, since all final state hadrons are charged. We estimated the cross-sections in the kinematics of the upgraded 12 GeV Jefferson Laboratory experiments and found that thanks to the large luminosity, the process can be measured with reasonable statistics. We also estimated the contaminating contributions from the Bethe-Heitler mechanism and twist-three corrections due to transversity GPDs. We found that both are small, and for this reason the ep → ν e π − p channel presents a clean probe of the target GPDs . If polarized targets become available in these experiments, it could enable to study various beam-target asymmetries, sensitive to the smaller GPDs E,H,Ẽ.
A code for the evaluation of the cross-sections, with various GPD models, is available on demand.
